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Recently considerable attention has been focused on the development of components for all-optical data processing, like beam deflectors, spatial light modulators, and optical switches. 1, 2 In general, these devices are based on a photooptical effect, e.g., the photothermal/thermooptic, the photorefractive, or the photochromic effect. In the first two cases, these effects can lead to self-focusing/defocusing in nonlinear optical materials, and enable diffraction-free or solitonlike propagation of optical light waves. [3] [4] [5] Furthermore, the optically induced change of refractive index caused by a pump beam can be used to influence the propagation of a probe beam. 6 This beam may have a different wavelength, and does not change the material's optical properties itself significantly.
For applications integrated optical devices may be preferred, as they enable high light intensities at moderate input power-in many cases, the speed of photo-optical effects scales about linearly with light intensity-and they are compatible with optical fibers. Recently we reported the selffocusing of an extraordinarily polarized guided beam in a planar waveguide in strontium-barium-niobate ͑SBN͒. 7 Depending on the input power, a single collimated beam is strongly focused inside the sample up to diameters of several micrometers. For higher input power a splitting of the light in a sequence of several spots is observed.
The self-focusing originates from a positive refractive index change along the z axis, perpendicular to the propagation direction and the normal of the waveguiding layer. It can be explained qualitatively by thermal effects induced by light absorption: First, there is a direct thermo-optic effect, and second, a pyroelectric field can be generated that is screened by the large photoconductivity in the region of high light intensity. 8 This screening can lead to a positive refractive index change via the electro-optic effect, too. However, experimentally these two mechanisms cannot clearly be separated. Due to the small diameter of the light beam these effects are rather fast. The time constant for the buildup of the refractive index change is in the range well below 1 ms. In this letter we investigate the application of this effect for deflecting and switching of a probe beam of another wavelength that overlaps with the positive refractive index profile induced by the pump beam. We use a congruently melting Sr 0.61 Ba 0.39 Nb 2 O 6 crystal as a substrate with a doping of 0.2 wt % CeO 2 in the melt. The dimensions of the sample are 2ϫ5ϫ2.5 mm 3 , where the 5 mm edges are along the c axis of the crystal. The propagation length is 2 mm. SBN shows large thermal effects.
Both, the thermo-optic coefficient ␦n e /␦Tϭ2.7ϫ10 Ϫ4 , and the change of the spontaneous polarization, ␦P s /␦TϭϪ8.5
, are considerably large. Furthermore, the relatively small thermal conductivity t ϭ1.
leads to large local temperature changes when the crystal is illuminated inhomogeneously. The cerium doping mainly increases light absorption in the green/blue wavelength region (␣ e ϭ1.5 mm Ϫ1 for ϭ514.5 nm͒, whereas the absorption coefficient is low for red and infrared light (␣ e ϭ0.17 mm Ϫ1 for ϭ632.8 nm͒.
Planar waveguides in oxide crystals can be fabricated by implantation of light ions with high energy into the polished top face of the crystal. 9 In this work the SBN sample is irradiated at room temperature with He ϩ ions at an energy of 2.0 MeV and a dose of 1ϫ10 15 cm Ϫ2 . The implantation yields a buried damaged layer of decreased refractive index (⌬n e ϷϪ0.02 at ϭ514.5 nm͒ at a depth of 4.5 m that defines the waveguide thickness. Details of the fabrication and properties of these waveguides can be found in Ref. 10 .
In the experimental setup, the beams of an argon ion laser ( ϭ 514.5 nm͒ and/or a helium neon laser ( ϭ 632. nm͒ are coupled into the SBN waveguide by microscope lenses ͓40ϫ magnification ͑NA͒ϭ0.65͔. A cylindrical lens with a focal length of 250 mm is used at a distance of 270 mm to the first microscope lens to reduce the divergence of the light in the waveguide. An optical bandpass filter ͑Schott RG630͒ blocks the green light of the argon ion laser. The intensity distribution at the exit face of the sample is imaged on a chage coupled device ͑CCD͒ camera, and a photodiode with a small aperture allows power measurements at different positions of the outcoupled intensity spectrum. The experiment is schematically illustrated in Fig. 1 . When the power of the guided pump beam is too low to induce perceptible changes of the temperature distribution in the waveguiding layer, both the pump beam and the probe beam propagate in a linear regime ͑''linear propagation''͒. Their beam paths are nearly collimated in the waveguide, with beam radii (1/e 2 width͒ of about 50 m on the input face and about 35 m on the exit face of the sample. When the power of the pump beam increases, a change of the temperature is induced due to the increase of absorbed intensity in the region of the guided probe beam. This temperature change yields a positive change of the refractive index because of the thermo-optic effect and the screening of the pyroelectric field. 8 The positive lens created in the waveguiding layer leads to self-focusing of the pump beam, 7 and the red beam is trapped in the induced channel with increased refractive index, thus changing its original direction. When the green beam is self-focused to small diameters of a few micrometers, another mechanism becomes effective: the beam is also self-bent because of the photorefractive effect. As the red beam is already trapped by the pump beam, it follows the path of the green light which finally results in a significant deflection of the probe beam from its original position ͑''nonlinear propagation''͒.
At first we investigate the beam deflection in our waveguide. In Fig. 2 the experimental steady state beam deflection of the red probe beam is shown as a function of the input power of the green pump beam. For zero or low input pump power, the probe beam propagates in the linear regime, i.e., no perceptible refractive index profile is induced by the pump beam. When the input pump power is increased, the probe beam is deflected. Moreover, in an intermediate regime of pump power, the probe beam is slightly broadened, and at high pump power it decreases again to nearly the initial diameter of 50 m for the case of low or zero input pump power, respectively.
The size of the deflection angle of the probe beam depends on the input power of the pump beam. In the measurement described above ͑P p Ͻ20 mW͒, the deflection angle ranges from 20 to 70 mrad inside the sample. However, the largest beam deflection of the probe beam which we have obtained for an input power of the green pump beam of about 25 mW and an optimized adjustment of the intersection and spatial overlapping of probe and pump beam is 0.1 rad inside the sample. Including refraction at the exit face of the waveguide and the high refractive index of SBN, n e ϭ2.284, this gives a deflection angle of 0.23 rad for the outcoupled light in air.
For the investigation of all-optical switching of the probe beam we use a mechanical chopper in the path of the pump beam before it enters the waveguide. The maximum speed of the used chopper is restricted to frequencies below 3 kHz. A photodiode that measures the outcoupled light of the probe beam is adjusted to collect the light of the HeNe laser for the case where the pump light is off. When the pump beam is switched on, the probe beam is deflected and does not hit upon the photodiode anymore. A pump beam with a 1/e 2 radius of 50 m and an input power of P p ϭ25 mW is used. This power is large enough to ensure a complete deflection of the probe beam for the steady state condition ͑when no chopper is used͒, and the remaining intensity of the probe beam reaching the photodiode in this case is well below 3% of the initial value.
The switching behavior of the probe beam for different frequencies of the modulated pump beam is presented in Fig.  3 . The pulse form of the modulated pump beam is not ex- Behind the sample, the outcoupled light of the Ar ϩ laser is blocked by a bandpass filter ͑RG͒. When the pump beam is off or when it has low intensity ͑linear propagation͒ the intensity of the red beam is measured by a photodiode ͑PD͒. When the pump beam is switched on ͑nonlinear propagation͒, the green beam is self-focused and self-bent to the left, trapping the red beam that moves away from the photodiode.
FIG. 2.
Intensity distribution of the HeNe laser probe beam at the exit face of the planar SBN waveguide for different input pump power P p of the Ar ϩ laser. The intensity profiles are normalized to equal areas. The vertical dashed lines mark the approximate position of the green beam for low ͑right line͒ and for high ͑P p ϭ19.7 mW, left line͒ pump power: ͑a͒ pump beam off; ͑b͒ P p ϭ7.9 mW; ͑c͒ P p ϭ13.3 mW; ͑d͒ P p ϭ19.7 mW.
actly rectangular. This is due to the slit width of the chopper wheel that is only four to five times the beam diameter of the pump light. For low frequencies ͑e.g., 770 Hz͒ the pulse shape of the probe beam is similar to the form of the pump signal. With increasing frequency, the pulse shape of the probe beam becomes more sawtoothlike ͑e.g., 3 kHz͒. In this case the inverse chopper frequency comes close to the time constant for the buildup of the thermally induced refractive index distribution, and the plateau regions in the intensity signal of the probe beam observed for lower frequencies are not reached anymore. We use the peak-to-peak intensity of the probe beam as a figure of merit to describe the transmission bandwidth of this optical switch. The influence of changes in the pulse form of the probe signal is not included in this definition. The signal for the maximum chopper speed of 3 kHz decreases by less than 10% compared to the initial value at low frequency. Thus we can conclude that the bandwidth of the all-optical switch is still larger than that of the mechanical chopper used in the setup.
The buildup time for the refractive index changes is determined by thermal diffusion inside the sample. To estimate the upper time limit, we consider only the dimension z perpendicular to the propagation direction, i.e., heat diffusion along the z direction. Heat transport into the substrate and along the propagation direction are neglected within this approximation: for our experimental conditions. The real ͑experimental͒ time constant will be below this upper limit until we reduce the initial beam radius w strongly to values that are comparable with the waveguide thickness of 4.5 m. Following this approximation, smaller beam diameters of the pump beam should improve the speed of deflection and optical switching to a range larger than 10 kHz. Furthermore, an optimized design of the waveguide including heat sinks on the waveguide surface and/or substrate should enable a further improvement of the device.
In conclusion, strong thermally induced self-focusing, together with self-bending because of the photorefractive effect of a guided pump beam in a planar SBN waveguide, can be used for large angle deflection of a probe beam and for all-optical switching with time constants of fractions of milliseconds. Deflection angles of the outcoupled probe light up to 0.23 rad in air and frequencies up to 3 kHz for optical switching are reached in the experiment. Considerable improvements of the time constant for the buildup of the refractive index changes should be possible when the initial beam diameter of the pump light is decreased.
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